Magnetic cooling is a highly efficient refrigeration technique with the potential to replace the traditional vapor compression cycle. It is based on the magnetocaloric effect, which is associated with the temperature change of a material when placed in a magnetic field. We present experimental evidence for the origin of the giant entropy change found in the most promising materials, in the form of an electronic reconstruction caused by the competition between magnetism and bonding. The effect manifests itself as a redistribution of the electron density, which was measured by X-ray absorption and diffraction on MnFe (P,Si,B) . The electronic redistribution is consistent with the formation of a covalent bond, resulting in a large drop in the Fe magnetic moments. The simultaneous change in bond length and strength, magnetism, and electron density provides the basis of the giant magnetocaloric effect. This new understanding of the mechanism of first order magneto-elastic phase transitions provides an essential step for new and improved magnetic refrigerants.
■ INTRODUCTION
Magnetic refrigeration based on the magnetocaloric effect (MCE) is a highly efficient cooling technology and the most promising alternative to gas compression-based refrigeration. Next to the perspective on improved efficiency compared to current vapor-compression technology it does not utilize greenhouse or ozone-layer depleting refrigerant gases, 1 making it not only efficient but also environmentally friendly. The MCE is characterized by the isothermal entropy change and adiabatic temperature change resulting from a change in applied magnetic field. Under adiabatic conditions, the decrease in magnetic entropy due to moment alignment parallel to a magnetic field must be compensated by an increase in lattice entropy, leading to a temperature increase in the material. While this effect is intrinsic to all magnetic materials, near room temperature, one requires large magnetic fields, which are unpractical for applications.
However, materials such as Mn(As,Sb), 2 La(Fe,Si) 13 and its hydrides, 3 and (Mn,Fe) 2 (P,X) where X = As, 4 Ge, 5 Si, 6 MnCoGe, 7 or Gd 5 (Ge,Si) 4 8 show a first-order magnetic transition, resulting in low field entropy changes that are 1 order of magnitude larger than for second-order transitions. Of these, the most promising magnetocaloric materials are the Fe 2 P-based 9 and La(Fe,Si) 13 -based 3 compounds. They show a large isothermal entropy change and adiabatic temperature change in low magnetic fields in combination with a small thermal hysteresis. In addition, they both exhibit a magnetoelastic transition, in which the atomic arrangement changes in a much more subtle way compared to the full crystallographic phase transition encountered in other first-order materials.
Previous density functional theory (DFT) calculations predict a distinct change in electronic structure and magnetic moments across the magneto-elastic transition in Fe 2 P-based materials. 10−12 In particular, Fe atoms on the 3f site display a partially quenched magnetic moment in the paramagnetic state. (crystal structure in Supporting Information). A recent DFT study on La(Fe,Si) 13 -based compounds also indicates, for the paramagnetic state, "the possibility of stable quenched Femoments". 13 We therefore propose that competition between bond formation and moment formation (cartoon in Figure 1 ) lies at the basis of this first-order magnetoelastic transition as it involves the same 3d electrons.
In order to experimentally verify that this mechanism is relevant in MCE materials, one may probe changes in electron density around the Fe atoms. The MnFe 0.95 P 0.582 Si 0.34 B 0.078 14 compound was chosen for its sharp first-order transition and an Fe/Mn ratio close to 1:1, which allows one to distinguish the high and low moment sites. For La(Fe,Si) 13 experimental verification is more difficult as all moments are Fe moments. We use X-ray absorption fine structure (XAFS) and highresolution X-ray diffraction (XRD) to investigate the electron density. Extended X-ray absorption fine structure (EXAFS) is sensitive to the local electronic environment around a particular type of atom. By applying a Fourier transform to the EXAFS signal, 1D radial electron density plots can be obtained. By measuring below and above the critical temperature, changes in this radial distribution of the electron density are detected. To characterize these changes also in 3D, we created charge density maps from high-resolution XRD measurements above and below the critical temperature. Additionally, we performed new DFT calculations for a compound with a stoichiometry close to the experimental value.
■ EXPERIMENTAL SECTION
Preparation of the sample is described in a previous paper. 14 The X-ray absorption and powder diffraction experiments were performed at the DUBBLE 15 (BM26A) and BM1A beamlines, respectively, both located at the ESRF in Grenoble.
For the absorption experiments, powders with particle sizes between 20 and 40 μm were mixed with boron nitride and pressed into pellets. The measurements were performed in transmission mode. Boron nitride secures the structural properties of the material without influencing the measurement. A nitrogen cryostream was used to cool and heat the samples with a temperature control within 2 K. For better statistics, two absorption spectra were recorded at each temperature.
For the diffraction experiments, powder from the same batch as the absorption experiments was loaded in 0.7 mm capillaries and measured at four temperatures (150, 250, 293, and 350 K) again using a nitrogen cryostream. A wavelength of 0.6963 Å was used and angles up to 2θ = 57°were measured, yielding about 80 reflections. The data reduction and details of the DFT calculations are described in the Supporting Information.
■ RESULTS AND DISCUSSION
As shown in Figure 1 for MnFeP 0.67 Si 0.33 a reduction in magnetic moments of the Fe atoms is found in our new DFT calculations (details on the method and the corresponding data for Mn can be found in the Supporting Information). At the same time, the local charge distribution around the Fe atoms drastically changes at the ferromagnetic transition.
In Figure 2 the Fourier transform of the Fe EXAFS data, measured below and above T C , is shown as a function of the distance from the central absorber atom. As X-rays solely interact with electrons, this represents the radial distribution of the electron density around Fe. Two electron density peaks around 2.3 and 2.7 Å are caused by atoms occupying the 1b/2c and 3f/3g positions. We know from neutron diffraction that the 1b and 2c sites are occupied by P and Si atoms, while Fe and Mn atoms occupy the 3f and 3g positions. 16 A small shift in peak position reflects the difference in interatomic distances for the FM and the PM phase. In addition to the main two peaks, another peak is visible located at smaller distances. This peak is located at distances of 1.8 and 1.6 Å above and below T C , respectively. Therefore, our simulations based on the atomic positions obtained from neutron diffraction clearly reproduce the 1b/2c and 3f/3g peaks but are not able to reproduce the first peak. Note that the position of the Fe absorption edge is not affected, which excludes a change in Fe valence. The EXAFS results are a first indication that the Fe electron charge is indeed redistributed locally across the transition.
While the radially averaged electron density is probed by element-specific EXAFS, it can be probed in 3D by highresolution X-ray diffraction. The inverse Fourier transform of the structure factors, as determined by Rietveld refinement, 17 can be used to experimentally obtain a 3D electron density plot, analogous to that obtained from DFT calculations.
As we are interested in the changes in electron density related to the magnetoelastic phase transition, we subtract the electron densities of the ferromagnetic from the paramagnetic 
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Article phase. The difference maps are shown in Figure 3 , in particular for the electron density difference within the Fe layer. Figure 3c , however keeping the relative atomic positions constant. 18 It shows that electrons shift from a d xz to a d z 2 orbital when crossing the magnetoelastic transition from the paramagnetic to the ferromagnetic state, respectively. In Figure 3b one lobe of the d z 2 orbital is obscured, and the two lobes of the d xz orbital on either side of the atom are smeared out.
The asymmetry that is observed in the direct subtraction can be reduced if one switches to radial coordinates. By taking the atomic coordinates of Fe and summing up all charges found at certain distance intervals we generate radial electron-density plots from the experimental XRD data at 150 and 350 K (see Supporting Information). This radial electron-density plot reproduces the unidentified peak and peak position that were observed in Figure 2 at short distance and the difference plot shows the same behavior as that found in the EXAFS results. XRD and EXAFS thus corroborate the earlier statement that was based on DFT calculations; in these materials moment formation competes with bonding.
In the PM phase, a covalent bond is formed between Fe and the P/Si atoms, leading to a decrease in the a/b and an increase in the c lattice parameters. This can be understood from a magnetic and a chemical viewpoint. The Fe atoms only carry a sizable magnetic moment when the exchange interaction between the Mn layers is sufficiently strong. However, as the exchange interaction is overcome by magnetic fluctuations, we find that the ferromagnetic transition is associated with a remarkably strong reduction of the Fe magnetic moment. In other words, the ferromagnetic exchange field exerted by the Mn moments on the Fe positions stabilizes the Fe magnetic moments, while as soon as it vanishes, the Fe valence electrons rather bond with neighboring P/Si, which destabilizes the moments.
The experimental correspondence with the DFT calculations indicates that the metalloid atoms play a crucial role in providing metastable behavior in these compounds, namely that the electrons can switch between metallic and covalent character. Metalloids share properties of both metals and nonmetals. This was recognized early on by Linus Pauling in his influential work on the chemical bond by looking at the crystal structures of C, Si, Ge, and Sn. 19 Carbon, being small, has a large overlap of its orbitals and prefers to make directional, localized bonds. For Si and Ge the overlap decreases, and for Sn the overlap is so small that, above room temperature, the diamond structure is transformed into a metallic phase. The metastability in bonding due to metalloids is the basis for many first-order magnetostructural transitions, and for this system it is found to be responsible for the magnetoelastic isostructural transition. 
Article ■ CONCLUSIONS In summary, we observe a redistribution in the electron density around the Fe atom when going from the FM to the PM phase by XAFS and XRD measurements. This results in a formation of covalent bonds that strongly reduce the magnetic moment of Fe. Therefore, mixed magnetism is demonstrated to be the underlying phenomenon responsible for the first-order magnetic phase transition and the excellent magnetocaloric properties found in Fe 2 P-based compounds.
Besides the magnetic (order−disorder) and crystallographic changes, there is also a distinct electronic contribution to the entropy change, which allows tapping into all three entropy reservoirs (lattice, magnetic, and electronic contributions) of the material. Apart from the early work on FeRh, 20 the electronic contribution to the magnetocaloric effect is usually disregarded or considered to be negligible. The electronic contribution arises from the redistribution of electrons and a change in density of states at the Fermi level, of which Fe shows the largest contribution.
This effectively boosts the magnetocaloric effect, as the entropy change relies not only on the Mn layer moment alignment but also on the change in the electron density of states in the Fe layer. Its relevance becomes strikingly clear when one considers the temperature scales of each contribution. Applied magnetic fields of a few tesla correspond to a few kelvin, while the ordering of the magnetic moments is characterized by the T C ≈ 300 K. The structural contribution is characterized by the Debye temperature for lattice vibrations Θ D ≈ 420 K for Fe 2 P. The electronic contribution, however, can reach up to the Fermi temperature T F ≈ 10 000 K.
The reduction in the Fe moment on only one crystallographic site in MnFe(P,Si) and La(Fe,Si) 13 indicates that both materials behave similarly. Now that the origin of the giant magnetocaloric effect for these materials is established, we propose two minimal requirements for possible candidate materials with further improved magnetocaloric properties. These materials should contain a metalloid element and a late 3d transition metal that occupies two different crystallographic positions. These ingredients provide the necessary tools to design mixed magnets for cooling applications with improved efficiencies. *(E.B.) E-mail: e.h.bruck@tudelft.nl.
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